Aims/hypothesis A growing body of research suggests that the prevalence of major depressive disorder (MDD) in children and youth with type 1 diabetes mellitus is significantly higher than that of youth without type 1 diabetes and is associated with increased illness severity. The objective of this article is to review the current literature on the pathophysiology of these two common diseases with respect to potential areas of overlapping biological dysfunction. Methods A search of English language articles published between 1966 and 2010 was conducted and augmented with manual review of reference lists from the identified publications. Results The evidence suggests plausible mechanisms whereby a biological relationship between type 1 diabetes and MDD may exist. These include the effects of circulating cytokines associated with autoimmune diabetes, the direct impact of insulin deficiency on neurogenesis/neurotransmitter metabolism, the effects of the chronic hyperglycaemic state, occurrence of iatrogenic hypoglycaemia and the impact of basal hyperactivity of the hypothalamic-pituitary-adrenal axis. Major depressive disorder (MDD) is highly prevalent among children and adolescents with type 1 diabetes mellitus. The prevalence of MDD among youth with type 1 diabetes (20-27%) is at least two to three times greater than the 5-8% background rate of MDD reported for non-diabetic youth [1, 2]. Early-onset MDD is severe, and in combination with diabetes (the third most common chronic disease in childhood), is associated with poorer diabetes control, increased
diabetes-related complications, increased frequency of emergency department visitation [3] and hospitalisations [4] , greater functional impairment, increased suicidality [5] and higher healthcare costs [6] . Our current understanding of poor diabetes control in adolescents with MDD is based primarily on an indirect relationship between the two illnesses in which the neurovegetative symptoms and negative self-cognitions of MDD lead to non-adherence to the insulin regimen. As a result, current approaches to poorly controlled type 1 diabetes centre on individual and family therapy, which on the whole have yielded suboptimal improvements in diabetes control [7] . However, growing independent interest in the pathophysiology of MDD and type 1 diabetes has demonstrated exciting biological parallels in structural brain abnormalities, neurocognitive symptoms and neuroendocrine dysfunction common to both disease states [8] . These independent findings, and not only the effect of MDD on treatment compliance, are consistent with research reporting that adolescents with poorly controlled type 1 diabetes exhibit a greater burden of MDD than those with well-controlled diabetes [3, 9, 10] . Taken together, these data suggest that closer examination of areas of pathophysiological overlap and the potential for bidirectional effects of MDD and type 1 diabetes warrant further exploration. To date, reviewers examining the comorbidity of MDD and diabetes mellitus have largely focused on type 2 diabetes [8, 11] , which occurs primarily in adulthood. Present reviews aimed at understanding the co-occurrence of MDD and diabetes mellitus insufficiently address clinical data demonstrating increased rates of MDD in studies of children and adolescents with diabetes. As such, the literature concerning those with potentially the longest duration of comorbid illness remains sparse. The purpose of this investigation is to review the present knowledge with respect to the pathophysiological basis of depression and type 1 diabetes, with the goal of elucidating areas of shared vulnerabilities to further the current understanding of the increased prevalence rate of MDD in children and adolescents with type 1 diabetes.
MEDLINE and PubMed searches of English language articles published between 1966 and 2010 were conducted using the search terms 'diabetes mellitus', 'type 1 diabetes', 'depression', 'brain', cross-referenced with 'inflammation', 'cytokines', 'oxidative stress', 'antioxidant enzyme', 'cortisol', 'glucocorticoid', 'hypothalamic-pituitary-adrenal axis', 'dexamethasone', 'hyperglycaemia', 'hypoglycaemia', 'neurobiology' or 'cognitive function' and augmented with manual review of reference lists. An additional search of English language articles published between 1966 and 2011 using the search terms 'type 1 diabetes', 'diabetes mellitus', 'depression', crossreferenced with 'brain-derived neurotrophic factor', 'vitamin D' or 'polyunsaturated fatty acids' was conducted. Using this strategy, 1,441 articles were identified (Table 1) . Articles selected for review were not limited to human studies and were based on adequacy of sample size, the use of standardised experimental procedures, validated assessment measures and overall manuscript quality. Assessment of article suitability was assigned to study authors based on their content expertise.
In this review the literature is discussed in the following categories: (1) immuno-inflammatory factors, including cytokine activation and oxidative stress; (2) endocrinological factors, including insulin and glucose dysregulation and cortisol hypersecretion; and (3) neurobiological abnormalities, including structural, functional and cognitive findings.
Immuno-inflammatory factors
Numerous inflammatory and immunological mediators have been implicated in the pathology of both type 1 diabetes and MDD; the most prominent of these pertain to the roles of cytokines and oxidative stress in producing and perpetuating these diseases.
Cytokines Type 1 diabetes occurs as a result of autoimmune destruction of the insulin-producing beta cells of the islets of Langerhans in the pancreas. The specific aetiology and pathogenesis of the disease is unclear. However, a prolonged insulitis phase, whereby leucocytes invade and damage the beta cells, may be covertly present for years prior to progression to frank diabetes. Populations at risk for the development of type 1 diabetes (i.e. those presumed to have insulitis) show elevated cytokine secretion by circulating cells [12] . In patients with type 1 diabetes, anti-islet antibody positivity can be predicted by the circulating cytokine profile. This suggests that circulating cytokines are related to beta cell immune responses In addition to the inflammation resulting from beta cell destruction, clinical studies show that hyperglycaemia in itself augments cytokine production. Patients with poorly controlled type 1 diabetes show increased plasma IL-4 and IL-6 concentrations and increased production of TNFα (p=0.01) and IL-10 (p=0.007) by circulating leucocytes [17] . In addition, patients with type 1 diabetes may be more susceptible than controls to an elevation in plasma TNFα in response to acute hyperglycaemia [18] .
Some, but not all, studies have similarly shown increased immune activity in depression [19] . Data from the Third National Health and Nutrition Examination Survey, for example, showed that a lifetime history of major depression was associated with a 64% increased risk of having elevated C-reactive protein levels (OR 1.64; 95% CI 1.2, 2.2) [20] . Other pro-inflammatory cytokines reported to be increased in MDD include IL-6, IL-1, TNFα and IFNα [21] [22] [23] . Of note, IL-6, IL-1 and TNFα have been shown to induce a constellation of non-specific symptoms, including fatigue, anorexia, decreased psychomotor activity, sleep disturbance and decreased self-care, collectively referred to as 'sickness behaviour' and reminiscent of depressive symptoms [24] . Although these findings are of particular salience given the pathophysiology of type 1 diabetes described above, they are the result of studies of adult populations. In these adult populations, however, evidence does support the role of proinflammatory cytokines as mediators in the potential interaction between depression and diabetes, in part via cytokine activation of the hypothalamic-pituitary-adrenal (HPA) axis [25] . Whether levels of pro-inflammatory cytokines are also increased in child and adolescent populations with MDD remains unknown. Studies of inflammatory mediators in children and adolescents with type 1 diabetes are needed to further delineate their potential contribution to the preexistence or development of MDD in this population.
Increased circulating cytokines are also associated with increased circulating cellular adhesion molecules, particularly soluble intracellular adhesion molecule 1 [sICAM-1]. Elevated sICAM-1 concentrations are associated with depression in adult patients with cardiovascular disease (OR 1.22; 95% CI 1.02, 1.46) [26] and have been hypothesised to mediate the relationship between depression and other metabolic disorders, including diabetes [27] . Further investigation is needed to assess whether an elevation of cellular adhesion molecules is similarly found in paediatric patients and whether this increase is of specific relevance to the pathogenesis of depression or simply a reflection of a persistent level of chronic inflammation.
Early literature reporting a decreased dietary intake of n-3 polyunsaturated fatty acids in individuals with MDD, coupled with evidence of the anti-inflammatory properties of these substances, generated interest in the potential use of these agents as adjuvant treatments for depression among patients with diabetes. Recently, however, epidemiological studies examining the association between low levels of n-3 polyunsaturated fatty acids and depression have shown mixed results [28, 29] , and treatment studies have not confirmed additional benefits of polyunsaturated fatty acids in the treatment of depression in the presence of either type 1 or type 2 diabetes or other inflammatory diseases [30, 31] . Moreover, in a recent prospective study, neither dietary intake of n-3 fatty acids nor erythrocyte membrane n-3 fatty acid levels were associated with conversion to type 1 diabetes among high-risk children [32] . However, adequate assessment of the potential role of n-3 polyunsaturated fatty acid deficiency in the co-occurrence of depression and type 1 diabetes requires further study in larger samples and among comorbid youth. Similarly, investigators have suggested a possible role for vitamin D insufficiency/deficiency in the pathogenesis of type 1 diabetes [33], type 2 diabetes [34] and MDD [35] . However, research examining these associations has been subject to numerous methodological limitations [36, 37] that obscure clear interpretation of these data and underscore the need for further study of the potential contribution of vitamin D insufficiency to depression and/or diabetes.
Oxidative stress Oxidative stress has emerged as a potential mechanism underlying cellular dysfunction in many pathological processes, including those leading to diabetes and mood disorders [38] [39] [40] . An overproduction of reactive oxygen species (ROS) can overwhelm antioxidant defences and result in oxidative damage, including protein oxidation, lipid peroxidation and DNA damage, which may lead to cell death [41] . The beta cells of the pancreas and the cells of the CNS are both particularly vulnerable to the effects of oxidative stress, owing to their low levels of antioxidant enzyme activity compared with other tissues [42, 43] .
A recent study of 176 children with type 1 diabetes demonstrated increased markers of oxidative stress in plasma and circulating cells, including diminished glutathione peroxidase activity (p<0.0001) and increased protein carbonyl (p<0.0001) and lipid peroxidation (p<0.0001) levels, compared with those in 140 age-, sex-and BMImatched healthy controls [44] . Improved glycaemic control has been shown to diminish markers of macromolecular oxidation and improve glutathione levels in patients with type 1 diabetes , indicating that hyperglycaemia can induce oxidative stress in type 1 diabetes [44, 45] .
Clinical studies of paediatric patients with diabetes support these findings. Decreased antioxidative protection from lipid peroxidation and nitrate/nitrite overproduction occurs in children with type 1 diabetes early in the disease course and increases with longer illness duration [46] . This is further supported by studies of rodent models of type 1 diabetes, such as streptozotocin (STZ)-treated rodents. STZ-treated rats show the following markers of oxidative stress: increased activity of ROSproducing enzymes and blunted antioxidant defences in various regions of the brain. Furthermore, in these models the level of oxidative stress within the brain is decreased by administration of antioxidants such as vitamin E, N-acetylcysteine, and resveratrol [47] [48] [49] . The mechanism of hyperglycaemia-induced oxidative stress may involve mitochondrial ROS (superoxide) generation, which is elevated in hyperglycaemic conditions as a result of elevated oxidative phosphorylation [50, 51] . In addition, hyperglycaemia results in increased levels of cytokines [52] , which generate ROS in part by stimulating transcription of xanthine oxidase [53] , the activity of which is elevated in various brain regions of STZ-treated rats [49] .
The CNS has been reported to be at particular risk of ROS-induced harm owing to its high level of oxidative metabolic activity and high polyunsaturated fat content. Clinical studies have found depression to be characterised by elevated markers of oxidative stress, such as serum lipid peroxidation [54] , and diminished antioxidant levels, such as serum vitamin E [55] and plasma vitamin C [54] . Correlations between increasing depression severity and the magnitude of superoxide dismutase (SOD) activity have also been reported, such that patients with severe MDD have been found to have greater SOD activity than those experiencing mild (p<0.001) or moderate (p <0.001) disease [56] . Moreover, post-mortem analyses indicate that SOD protein levels are augmented in the prefrontal cortex of patients with depression, which may suggest compensation for oxidative stress in brain tissue in this patient population [57] . Hypercortisolism, which is present in depression (and diabetes), as described below, can also contribute to increased oxidative stress [58, 59] . In rodent studies, experimental models of depression (chronic mild stress model) demonstrate that glucocorticoid hypersecretion causes oxidative stress, both by increasing lipid peroxidation in the brain cortex and medulla and by decreasing glutathione levels in the medulla [60] ; this finding requires confirmation in humans. Furthermore, antidepressant treatment in humans and animals has been shown to alleviate oxidative stress [54, 60] . The mechanism by which oxidative stress may cause depression is not known; however, one potential area of investigation is oxidative stress-induced mitochondrial dysfunction, which is characteristic of depression [61] and may induce altered neuronal activity or death [61] .
Studies investigating the link between diabetes and depressive-like behaviour in murine models have yielded interesting results. STZ-treated rats demonstrate increased ROS and decreased total antioxidant reactivity compared with non-diabetic rats when subjected to an experimental model of depression (forced swim test) [62] . Both ROS levels and total antioxidant reactivity improved towards non-diabetic values on administration of a drug that produces an antidepressant effect in these animals (clonazepam) [63, 64] . These findings are consistent with previous reports suggesting that the mitochondrial electron transport chain may be an overlooked target of antidepressant action [65] . Thus, the evidence to date suggests that oxidative stress may be a key element in the pathophysiology of comorbid type 1 diabetes and MDD, and this requires further investigation.
Endocrinological factors
A direct link between type 1 diabetes and MDD is provided by the hallmarks of diabetes: abnormalities in insulin and glucose concentrations, including insulin deficiency, hyperglycaemia and iatrogenic hypoglycaemia. The role of hyperglycaemia as a generator of inflammation/oxidative stress has been described above. In this section the role of insulin deficiency and insulin-induced hypoglycaemia will be reviewed, together with the indirect link between type 1 diabetes and MDD provided by the diabetes-induced activation of the HPA axis.
Insulin deficiency and insulin-induced hypoglycaemia The complexity of the roles of insulin, insulin receptors, and insulin-sensitive glucose transporters in cognitive and emotional processes is increasingly being recognised. Insulin binding in the rodent brain has been found to be highest in those regions that subserve cognitive and emotional functions, including the hippocampus, hypothalamus, amygdala, cortex, olfactory bulb and septum [66] . Similarly, insulin-sensitive GLUT8 glucose transporters are selectively distributed in the hippocampus and hypothalamus [66] , suggesting that glucose uptake is insulin-stimulated in these regions; challenging earlier presumptions of the brain as an 'insulin-insensitive' organ.
There is now evidence that insulin exerts important functions in neural development and synaptic plasticity [67] . Systemic or intranasal administration of insulin enhances learning and memory and has been proposed as a treatment for Alzheimer's disease [68] . These findings have led to the hypothesis that insulin insufficiency may lead to the defects in neurocognition commonly observed in MDD (discussed below).
In addition, a lack of insulin may lead to symptoms of MDD secondary to abnormal amino acid metabolism. The production of serotonin, a key neurotransmitter associated with MDD, in the brain depends on the availability and transport of its amino acid precursor, tryptophan [69] . In the plasma, tryptophan competes with other large neutral amino acids (LNAAs), such as the branched chain amino acids (BCAAs; leucine, isoleucine, and valine) for transport across the brain-blood barrier, as they use the same carrier [70] . Hence, the ratio of plasma tryptophan to total LNAAs is used as a marker of tryptophan availability in the brain [71, 72] . In healthy individuals, insulin diminishes the concentration of plasma BCAAs [73] because of insulin inhibition of protein breakdown [74] . Patients with type 1 diabetes show elevated concentrations of plasma BCAAs [72, 75] and markers of decreased brain serotonin system function [76] . Furthermore, STZ-treated rats have increased plasma BCAA concentrations, plus low levels of tryptophan and diminished serotonin production in the brain [69, 71] . Insulin treatment increases brain levels of tryptophan, and thereby the substrate for serotonin production, in these animals [71, 77] .
Conversely, an excess of insulin during type 1 diabetes treatment and the resultant CNS effects of profound hypoglycaemia may also be associated with the neurocognitive deficits common to patients with early-onset type 1 diabetes and MDD. Individuals with type 1 diabetes are thought to be at risk of cognitive impairment as a result of repeated episodes of hypoglycaemia [78] , although studies examining the effects of hypoglycaemia on cognitive function have produced discordant results [79, 80] . This discrepancy may relate to differences in the age of diabetes onset of study participants, as younger age at diagnosis (<5 years) has been associated with poorer cognitive outcomes, including poorer attention and school achievement (F=2.66, p<0.01), decreased visuospatial ability (F =3.874, p < 0.001), greater difficulties with learning and memory skills (F=2.34, p<0.01), and poorer global intelligence scores (F=2.13, p=0.02) as compared with older age at onset [81] . Another explanation for the disagreement between reports is that individuals with more hypoglycaemia may have tighter glycaemic control overall (i. e. shorter duration of chronic hyperglycaemia, and thus less oxidative stress/inflammation), which may compensate for the neurocognitive damage from hypoglycaemia [82] . Clinically, this pattern of neurocognitive deficit overlaps with those commonly experienced in MDD (discussed below). In addition to producing a depressive neurocognitive profile, hypoglycaemic events have also been associated with elevated levels of depressive symptoms [83] .
Hyperactivity of the HPA axis One putative link between type 1 diabetes and MDD is basal hyperactivity of the HPA axis, which is common to both diseases. Diabetes is associated with a hypercortisolaemic state, characterised by elevated levels of circulating cortisol and increased 24 h levels of urinary free cortisol [84] . Disrupted control of adrenocorticotropic hormone (ACTH) release from pituitary corticotrophs and direct stimulation of corticotropin-releasing hormone of the adrenal gland with or without the release of ACTH leads to hyperactivation of the HPA in patients with diabetes [85] . Furthermore, the impairment of glucocorticoid-negative feedback sensitivity in patients with diabetes also results in increased activity of the HPA axis: following glucocorticoid administration, these patients exhibit a greater incidence of nonsuppression of pituitary-adrenal activity compared with non-diabetic individuals (43% vs 7%, respectively; p<0.01) [86] . Studies in STZ-treated rats have also shown that the basal hyperactivation of the HPA axis is associated with further decreased responsiveness of the HPA axis to stress, for example, to insulin-induced hypoglycaemia. While basal hyperactivity is secondary to the lack of insulin in STZ induced-diabetes, the reduced response to hypoglycaemia is due to the chronic hyperglycaemic state [87] .
The functional abnormalities of the HPA axis in the depressed state are well described and include increased plasma cortisol concentrations [88] , an enlarged adrenal cortex [89] and elevated concentrations of cortisol and corticotropin-releasing factor in the cerebrospinal fluid [90] . Cortisol levels are not suppressed following dexamethasone administration (dexamethasone suppression test [DST]) in depressed patients and this non-suppression is resolved with treatment of the psychiatric disorder. Furthermore, a meta-analysis of 14 studies by Ribeiro et al. has shown that normalisation of the response to the DST precedes clinical recovery in patients with MDD, with persistence of nonsuppression portending poorly for clinical outcome (normalisation: 63% in patients with good outcome vs 31% in patients with poor outcome; p<0.01) [91] . Additionally, a link between elevated cortisol levels and mood alterations is suggested by investigations of patients with primary hypercortisolism caused by Cushing's syndrome. The syndrome is associated with symptoms similar to those of depression, including depressed or labile mood, fatigue, insomnia, poor concentration and decreased energy [92] . Patients with Cushing's syndrome have an increased incidence of depressive illness, with rates as high as 67% reported [93] . The depressive symptoms in Cushing's syndrome are reported to resolve with treatment of the hypercortisolaemia [93] . Sustained exposure to supraphysiological levels of glucocorticoid decreases local cerebral glucose utilisation and inhibits glucose uptake in hippocampal neurons in vitro [94] . Corticosteroids have been demonstrated to exert tonic inhibitory control of hippocampal 5-HT 1A receptors [95] ; this finding is of particular salience given the serotonin deficiency that occurs in depression [96] . Taken together, these findings have led to the hypothesis of an aetiological role for hypercortisolaemia in the pathophysiology of depression and to suggestions of new treatment approaches to depression aimed at directly targeting HPA axis abnormalities [97] . However, it is also possible that MDD can lead to HPA abnormalities because of the non-specific stress of depression. In addition, a common heritable basis between HPA dysfunction and MDD has been suggested based on the finding that non-depressed first-degree relatives of depressed patients exhibit DST abnormalities as a trait [98] . Once established, the HPA axis dysregulation and hypercortisolaemia may further contribute to a hyperglycaemic or poorly controlled diabetic state and has been associated with increased chronic complications of diabetes in adult studies [99] .
Neurobiological factors
Whether the result of a lack of insulin, chronic hyperglycaemia, frequent hypoglycaemic events or hypercortisolism, neurocognitive deficits have been described in diabetes. A recent meta-analysis of 33 studies by Brands et al. [100] found that individuals with type 1 diabetes demonstrate reduced overall cognition (d = −0.7), decreased speed of information processing (d=−0.3), decreased attention (d = −0.3) and reduced psychomotor efficiency (d=−0.6) compared with non-diabetic controls. These abnormalities are consistent with those commonly found in patients with MDD [101] .
The CNS structures implicated in the neurocognitive deficits described in studies of individuals with diabetes are similar to those identified in the pathology of MDD. For example, the hippocampus has been described as a region of interest in diabetes [102] . This is in part due to its high density of insulin receptors and its insulin-sensitive glucose transporters (discussed above) [66] . In STZ-diabetic rats, hypercortisolism has been implicated in neurodegeneration by way of persistently elevated glucocorticoid levels leading to neurodegeneration or suppressed neurogenesis of the CA3 pyramidal neurons of the hippocampus [103] . Decreased hippocampal volumes have been reported in patients with type 2 diabetes and in non-diabetic individuals with abnormal glucose tolerance [8] . The hippocampus has also been implicated in neurocognitive dysfunction in children and adolescents with type 1 diabetes, particularly in those with a younger age of type 1 diabetes onset. Ferguson et al. [104] found an increased number of hippocampal small punctuate white matter lesions in those with early-onset diabetes (onset younger than 7 years of age). This finding is consistent with a recent study by Ho et al. [105] that identified mesial temporal lobe sclerosis more frequently in individuals with early-onset vs later onset of type 1 diabetes. The sole study of hippocampal volumes in type 1 diabetic patients did not find a difference in hippocampal size in 13 subjects with and without type 1 diabetes [106] ; however, this small study excluded individuals with current depression or a history of depression and in doing so may have inadvertently omitted those with a hippocampal pathology, as discussed below. Whether the neuroimaging findings in early-onset vs later onset type 1 diabetes in youth are specific to age at onset or are secondary to illness duration is unclear. Other neuroimaging findings in individuals with diabetes have reported cerebral atrophy [107] and reduced cortical cerebral blood flow and glucose metabolism [108] in type 1 diabetic patients compared with controls.
The functional and structural CNS abnormalities described in MDD are similar to those described in diabetes. Research examining CNS abnormalities in MDD has confirmed dysfunction of the hippocampus (memory, learning and control of autonomic and vegetative functions), hypothalamus (sleep and appetite regulation, sexual dysfunction), amygdala (anxiety, fear and establishment of emotional valence of memory) and, more recently, of the nucleus accumbens (pleasure) in affected individuals [109] . Studies have established a central role of the hippocampus in MDD, noting a decrease in hippocampal volume in affected individuals [110] , and have postulated that a deficit of neurotrophic support may contribute to the hippocampal pathology (discussed below) [109] . Stress-associated hypercortisolism may be involved in hippocampal dysfunction, as sustained high levels of glucocorticoids have been shown to have adverse effects on hippocampal neurons, with decreased dendritic branching and impairment of neurogenesis reported [111] . In addition to reduced hippocampal volume, neuroimaging studies of individuals with MDD have revealed atrophy of the prefrontal cortex and biphasic changes of the amygdala based on illness chronicity [112] . These findings correlate with those of studies of cerebral perfusion and glucose metabolism in individuals with MDD, which demonstrated both a decrease in these factors in the prefrontal cortex and an increase in the amygdala in affected individuals [113] . These findings are reminiscent of those reported in type 1 diabetes above.
Brain-derived neurotrophic factor Recent evidence suggests a potential role for brain-derived neurotrophic factor (BDNF) in the relationship between depression and diabetes. High levels of BDNF are found in hippocampal neurons and these are decreased in adult depressed patients [109] but increase with improvements in depressive symptoms, duration of treatment and antidepressant use [114, 115] . Research confirming the associations of increased BDNF levels with neuronal survival and decreased BDNF levels with decreases in synaptic plasticity and neuronal atrophy has strengthened the evidence in favour of the neurotropic hypothesis of depression. This hypothesis postulates that growth factors act to transduce stressors into decreased rates of adult hippocampal neurogenesis, atrophic changes and impaired synaptic plasticity of hippocampal neurons, which may explain the cognitive impairment and hippocampal atrophy of depression [116] . However, findings of decreased hippocampal size in individuals with MDD appear to be associated with increased length of illness and are not present early in the course of MDD. In addition, BDNF levels decrease with age, highlighting the need for research in depressed youth.
Increasingly, BDNF has become recognised as a metabotrophic factor [117] , with reduced levels reported in several cardiometabolic diseases, including type 2 diabetes. Studies investigating the relationship between BDNF and diabetes in adults demonstrate that BDNF levels are decreased in type 2 diabetes and are regulated in response to plasma levels of glucose [118] . In addition, studies of healthy adults have found that hyperglycaemia inhibits BDNF output from the brain [118] . Although models of obese diabetic mice have shown that BDNF exerts a protective effect on pancreatic islet cells [119] , no studies have yet examined the role of BDNF in rodents or humans with type 1 diabetes Taken together, these findings suggest that BDNF may play a role in both depression and type 1 diabetes; this factor requires examination in youth. The hyperglycaemic state of diabetes may inhibit hippocampal BDNF levels, resulting in MDD among vulnerable affected individuals. Determining the basis for this vulnerability is of key importance. Though nascent, the literature examining this topic suggests that early-life stress and BDNF genotype may interact to result in depression [120] . A recent study of 1,435 adults with a history of MDD reported that the experience of recent life stressors is associated with decreased levels of BDNF [121] . This is consistent with research on murine models of early-life stress, in which a depressed phenotype in rats experiencing early maternal separation is associated with a decrease in mossy fibre development and neurogenesis in the hippocampi of these animals [111] .
Conclusion
The findings of research into the pathophysiology of type 1 diabetes and MDD suggest plausible mechanisms whereby a biological link between these illnesses may exist. These include the effects of circulating cytokines associated with autoimmune diabetes, the direct impact of insulin deficiency on neurogenesis/neurotransmitter metabolism, the effects of the chronic hyperglycaemic state, the occurrence of iatrogenic hypoglycaemia and the impact of basal hyperactivity of the hypothalamicpituitary-adrenal axis (Fig. 1) . Traditional conceptualisation of the increase in MDD prevalence among youth with type 1 diabetes has relied heavily on the psychological burden and non-specific stress of coping with a chronic illness, leading to nonadherence to the diabetes regimen. However, evidence suggests that the increase in MDD comorbidity among youth with type 1 diabetes might be due in part to the common pathophysiological processes that occur in these diseases. In addition, the biological correlates associated with the presence of MDD may be a barrier to achieving optimal diabetes control. Prospective longitudinal studies of children and adolescents with type 1 diabetes are limited, and research examining these pathways in comorbid clinical populations is lacking. Further investigation aimed at understanding the longterm outcomes of patients with type 1 diabetes are needed to clarify potential pathways of comorbidity and advance the current understanding of the basis of the increased prevalence of MDD reported among children and adolescents with type 1 diabetes.
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